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CHAPTER 1: INTRODUCTION 
1.1 Introduction and Motivation 
 Advanced high strength steels (AHSS) have become an important material used 
by the automotive industry today.  Increasing demands for lighter safer vehicles has fueled 
their use.  They are used where design requires high strength, good crashworthiness, and 
good formability, such as wheel, bumper and other body structures.  The AHSS are also 
cost competitive with traditional carbon steels.  Despite the many promising properties, 
AHSS have a few technical problems to solve when used in manufacturing. 
The microstructure of the AHSS plays a crucial role in the performance and 
behavior of the material.  They are typically in multiple phases, which contain martensite, 
bainite, and/or retained austenite.  Many types of AHSS exist, these include dual-phase 
(DP) steels, transformation induced plasticity (TRIP) steels, martensitic (MS) steels, 
complex phase (CP) steels, hot forming (HF) steels, and twinning-induced plasticity 
(TWIP) steels.  Of these DP and TRIP steels are extensively used in sheet forming of 
automotive parts.  These steels are characterized by higher yield strength, lower ductility, 
limited formability, and show low post necking deformation.  As a result, there are some 
challenges which need to be addressed with conventional forming of AHSS. 
One possible solution for better forming is local softening through heating.  The 
heating can be achieved in a variety of ways, such as furnace heating, electrical resistive 
heating, and induction heating.  The automotive industry requires fast reliable 
manufacturing methods, which makes induction heating the most practical choice.  
Induction heating has been shown to have the fastest heating time with good control over 
heat affected zone.  However, this leads to a wide range of possible effects to the material, 
as a result studies will need to be conducted to fully understand how the AHSS change. 
The current techniques for analyzing the effects of induction softening can be quite 




accurate results, due to the fine grain of the microstructure.  It is also a challenging task 
to prepare samples and obtain accurate analysis from technique such as scanning 
electron microscope, and orientation imaging microscope with electron backscatter 
diffraction.  Therefore, effort was made to use newer techniques such as high energy X-
ray diffraction.  This allows for a fast and accurate method to determine the percentage of 
phase in the microstructure.  It can also be used In-Situ to determine the phase changes 
during heating and the effect of holding time and cooling rate on the final phase.  The 
effect of induction softening is the focus of this study.  Before discussing the effect of 
softening, the scope and objective of this thesis is presented, followed by a survey of 
classes for AHSS and high energy X-ray diffraction are discussed. 
1.2 Thesis Objective and Outline 
The objective of this study on the effects of induction local softening of AHSS, is 
to identify what parameters can be used to tailor material properties for increased 
formability.  The results of tensile tests, hardness tests, microstructure analysis, and high 
energy X-ray diffraction were used to generate a more complete understanding of the 
problem.  The second objective of the study is to make recommendations for future 
studies. 
Chapter 2 is a survey of various classes needed for background and understanding 
of AHSS, and prior research, Chapter 3 discusses the methods for conducting the 
experiments and analyzing the results, Chapter 4 presents and discusses the results of 
the experiments, and Chapter 5 is a summary of the results of this thesis work and future 





CHAPTER 2: BACKGROUND AND PRIOR RESEARCH 
2.1 Stress Strain and Plastic Strain Ratio r Definition  
 Stress and strain are produced when a material experiences a load with respect 
to a cross sectional area.  The result is dependent on the loading direction with respect to 
microstructure orientation.  A test apparatus provides data such as force and 
displacement, which can be processed to find the material properties and mechanical 
performance [1].  A variety of tests are performed to determine a material stress-strain 
behavior.  These include uniaxial tensile test, uniaxial compression, biaxial tension, shear 
and/or planar tension. The uniaxial tensile test is the most common of these tests [2]. 
Stress and strain are calculated from measurements during a tensile test. The engineering 









      (2.2) 
Where 𝐴0 and 𝑙0 are initial area and initial gauge length respectively, ∆l is the change in 
length, and F is the Force.   Initially the deformation is elastic, and the tensile force is 
linearly related to elongation, this is known as modulus of elasticity (𝐸) .  Elastic 
deformation is recoverable. When the forced is increased beyond this point the material 
plastically deforms, this is referred to as yield stress(𝜎𝑦). Meaning it will not return to 
original shape if the load is released. Ductile materials stress reaches a maximum (𝑈𝑇𝑆) 
then decrease until fracture. Figure 1 shows a typical engineering stress strain curve for 





FIG. 1  Engineering Stress Strain Curve for Ductile Material 
The engineering stress strain behavior is based on the original dimensions of the 
test specimen.  However, the actual instantaneous area supporting the load becomes 
smaller as the load increases.  Therefore, to find the true stress and strain Equations 2.3 
and 2.4 are used. 




) = 𝒍𝒏(𝟏 + 𝒆)     (2.4) 
Here 𝑙 is the instantaneous length.  True strain is calculated from instantaneous change 
in length over the original length, when solved using calculus Equations 2.4 is derived.  
This is used to derive the instantaneous area and derive equation 2.3.  True strains are 




2.2 Review of AHSS 
2.2.1 Need for AHSS 
The increase in demand and requirements for lighter safer more fuel-efficient 
vehicles has led to an increase in the use of AHSS.  Fuel efficiency is mainly controlled 
by the weight of the steel parts used in the vehicle, this is controlled by gauge and design.  
Safety is controlled by the energy absorbing characteristics of the steel.  These are the 
two driving factor for auto makers increase use of AHSS to replace structural parts made 
with conventional steel in the past [3].  A study by J. Shaw and B. Zuidema showed sports 
wagons built from 1999-2005 used about 1% of AHSS, wagons built 2005-Present use 
about 7% AHSS [4].  Of the AHSS, DP and TRIP are the most extensively used in the 
manufacture of autobody parts. 
2.2.2  Mechanical Properties of AHSS 
The increased formability of AHSS is the main advantage over other conventional 
high strength steels.  The ability of the material to undergo different forming modes without 
defects such as splitting, wrinkling is broadly termed as the "formability" of the material.  
However, AHSS has relatively low ductility compared to draw quality steel.  AHSS 
enhanced characteristics are obtained from the microstructure.  Table 1 is a brief summary 
of the metallurgy and general characteristic of AHSS [5]. In general, AHSS have similar 
carbon content as typical steel with a small addition of various elements as micro alloy, 
which helps control the final microstructure during annealing.  The microstructure of AHSS 




Table 1. Metallurgy and General Characteristics of Various Advanced High Strength 
Steel 
 
The microstructure plays an important role in the characteristics of the steel. Figure 
2 shows the microstructure of DP steel, it is a matrix of light-colored ferrite with dark islands 
of martensite.  During deformation the softer ferrite plastically deforms before the 
martensite [6].  There is a large stress concentration at the phase boundary of the ferrite 
during this process, which accounts for the high initial strain rate [7]. 
 
Fig 2.  Typical Microstructure of DP Steel [3] 
Figure 2 shows the relationship between total elongation and ultimate tensile 
strength for various AHSS.  There is a large decrease in total elongation as the strength 
increase. The graph follows a banana shaped curve, with only Trip and DP steels tending 





Fig 3.  Total Elongation vs. Ultimate Tensile Strength [5] 
The engineering stress strain curve for several DP steels and one TRIP are shown 
in Fig 3. The higher initial strain hardening of DP steels compared to TRIP steels is clear. 
The flow curves of AHSS around the UTS is almost flat as compared to conventional steel.  
IT can also be seen TRIP has a higher total elongation than other DP steels with the same 
UTS, this means it is more formable. 
 
Fig 4.  Engineering Stress-Strain Curve of Five Advanced High Strength Steels [8] 
Studies by Grassel et al. have shown for test of TRIP and TWIP an increase of 
strain rate for  from 1 to 800/s resulted in an increase of flow stress by 15%, but no 
significant difference in total elongation and strain hardening behavior [9].  There are a 




tensile strength remains approximately the same for temperatures up to 400oC, while there 
is a small decrease in total elongation.  Beyond 400oC the total elongation increases while 
the tensile strength decreases.  Elevated temperatures have different effects on different 
AHSS [10][11]. 
2.2.3 Microstructure of DP Steel 
DP steels microstructure is controlled with alloying elements. The effects of these 
elements are summarized in table 2. Figure 5 shows the continuous cooling transformation 
(CCT) diagram of DP steel, there is a cooling rate that needs to be controlled to obtain a 
desired microstructure.   







Fig 5. Cooling Schedule in the Production of DP Strips [12] 
The DP steel is heated until there is a complete austenite transformation. During 
cooling the face centered cubic (fcc) austenite transforms into body centered cubic (bcc) 
ferrite, at a threshold temperature the remaining austenite transforms into body center 
rectangular (bcr) martensite. Martensite is essentially a pre-strained ferrite crystal, which 
accounts for the steels increase in strength. The cooling rate is then controlled to ensure 
the final microstructure consists of ferrite and martensite. However, if the steel is cooled 
fast enough some retained austenite remains, which can late be transformed into 
martensite during plastic deformation, ultimately increasing formability.  
2.3 High Energy X-ray Diffraction Review 
2.3.1 Background Information  
X-ray diffraction is a technique capable of determining the atomic structure of a 
material. A crystalline or poly crystalline material is struck by a beam of x-rays, causing it 
to diffract into different directions. By measuring the angle of diffraction and intensity of 
the diffracted beam crystallographic analysis of the material can be performed to 





Fig 6. X-ray Diffraction Diagram 
While most of the diffracted waves with cancel out in destructive interference, some waves 
add constructively in a few specific directions determined by Bragg’s law (Equation 2.5). 
𝟐𝒅𝐬𝐢𝐧𝜽 = 𝒏𝝀        (2.5) 
Here 𝑑 is the space between diffracting planes, 𝜃 is the incident angle, 𝑛 is any integer, 
and 𝜆 is the wavelength of the beam.  
 
Fig 7. Bragg's Law Diagram 
Constructive interference only occurs for certain θ’s correlating to a (hkl) plane.  Every 
crystalline substance produces its own XRD pattern, which is dependent on the internal 
structure. 
One excellent source of high-brilliance X-ray is from the Advanced Photon Source 
at the Argonne National Laboratory. The electrons of the X-ray are produced by a hot 




accelerator, then further accelerated to 7 GeV of energy in a booster synchrotron, finally 
they are injected into a storage ring and held for experimentation.  
2.3.2 Advantages of High Energy X-ray Diffraction 
XRD pattern is often referred to as the “Fingerprint” of a mineral or a crystalline 
substance, because it differs from the pattern of every other mineral or crystalline 
substances. Experimental patterns can be compared to known diffraction data bases to 
identify crystal structure.  This allows observation of crystal change during the heating and 
cooling process, the lattice spacing can be determined and the strain in the crystal during 






CHAPTER 3: MATERIALS AND EXPERIMENTAL DESIGN 
3.1 Materials and Specimen Preparation 
All the test coupons were made of ASP 1.2 mm GA DP980. The 1 ft square sheets 
where first cut into strips using a shear press.  Next a sheer hole punch was used to add 
the arced sides, with a preformed strip as a guide attached to the blank strip.   The arc-
sided specimen geometry is given later in figure 13. 
The reasons to use this special tensile specimen geometry are: (1) to obtain the 
true properties of materials that have clear thermal history. In induction heating the 
temperature distribution over regular 2” gage length of standard tensile specimens is very 
difficult, and this will affect the uniformity of material property, required in standard tensile 
tests. The current geometry can reduce the induction heating and tensile process zone 
with clear thermomechanical history; (2) to improve the efficiency in specimen preparation 
and testing, and greatly reduce the specimen preparation time and cost. 
3.2 Experimental Design 
3.2.1 HEATING PROCESS CONTROL 
The heat treatment process is illustrated in figure 8. There are three steps, i.e. 
heating, holding, and cooling. The targeted composition that is expected to improve the 





Fig 8. Heating Treatment Process 
Each heating process is characterized by four parameters, e.g. the heating rate 
(Th/t1), the highest temperature Th, the holding time (t2-t1) and the cooling rate (Th/(t3-t2)). 
The heated test samples consisted of: 5 different highest temperatures, same holding 
time, and 2 different cooling rates, giving a combined 10 different heating profiles to 
investigate the formability after local induction heating. The other parameters such as 
heating rate and holding time (beyond certain transformation time) are less important for 
produced microstructure and were not considered here. For consistency a slow heating 
rate at about 100℃/min was used for all heating profiles. A 20 second holding time was 
enough to counteract any effects from heating rate and ensure complete microstructure 
transformation. After the hold period the test samples were either air cooled at a rate of 
about 2ºC/s, or water cooled at 20ºC/s. 
 The induction heating setup is illustrated in figure 9. An Omega temperature 
controller CN 3000 was connected to a 25 kW TOCCOtron AC in a feedback control loop. 
A K type thermal couple was welded to the center of the test sample and used to control 
the power to the induction coil, thus controlling the heating.  Coupons were heated in a 




insulation ceramic, and surrounded by copper coil. A ceramic cover was used to hold the 
coupon in place and minimize thermal variation (figure 10). 
 
Fig 9. Heating Equipment Setup 
 




3.3 Heating Parameters Selection and Temperature Data Acquisition 
 The temperatures selected are listed in table 3, from 800℃ to 1000℃ with 
corresponding temperature controller setup. The entire heating process was also recorded 
by an Omega 8-Channel Thermocouple/Voltage Input USB Data Acquisition Module. 
Table 3. Highest Temperatures Selection and Corresponding Controller Setup 
Highest Temp. P(PR Band) I(Reset) D(Rate) 
800 100 0.30 0 
850 100 0.30 0 
900 95 0.35 0 
950 95 0.35 0 
1000 90 0.40 0 
 
 The heating profile for each coupon is shown in figure 11 and 12. Both graphs 
show a consistent heating profile. There were minor differences between the heating rate, 
and all samples received the same hold time. The cooling rate for each coupon was about 
the same, ensuring a consistent end product. The temperature gradient in and out of the 
furnace were also measured. These measurements showed a significant difference in 
temperature over a small distance. The temperature can drop 300 degrees in a few 






Fig 11. Slow Cooling Rate 
 
























































3.4 Hardness Test 
 A Wilson Tukon 2100 Instron hardness testing machine was used to first verify the 
effects of the induction heating.  A Vickers hardness indenter set at1 kg force with a 10 
second impress time was used for each test sample and a piece of the original material 
as a control. Each sample was placed on a small piece of clay and pressed with a 
cylindrical punch to level, then tested 5 times in the location of the main controlling thermal 
couple. Image measurement software was then used to measure the diagonals of the 




      3.1 
 
Where P is the force in kg and L is the length of the diagonals of the depression made in 
mm. The initial test were performed without altering the surface of the coupon. This was 
found to give high variation to the results, due to coarse wave pattern from the outer 
coating. The data was retaken using lightly sanded pieces to remove the coating, the result 
of which was more accurate reading of hardness but no significant difference in the overall 
hardness. 
3.5 Microstructure Observations 
Optical microscopy was used for microstructure observations. Samples were cut 
from the tensile strip near the weld location of the thermal couple. They were then 
prepared using sanding polishing and grinding. The samples were then etched with a 
solution of 2% nital, for 10 to 20 seconds. The etched samples were then examined under 





3.6 Tensile Test 
A tensile test with an arc coupon (figure 13) was used to measure elongation and 
the r value. The advantage of those test over convention test with a gauge length is the 
measurement can be focused on a location where the heat profile is known. 
 
Fig 13. Arc Side Tensile Coupon 
The heated and un-heated test strips were tested using an Instron 8801 Tensile 
Testing Machine controlled with an Instron controller 8800 and a ±100 kN axial force 
capacity. The samples were mounted using hydraulic grips with a hydraulic pressure of 
2000psi. The controller was set to load control mode during loading to ensure no tension 
or compression before the start of the test.  
 
Fig 14. Instron Test Set Up 
Each strip was tested at a constant increase in position.  A NI USB-6009 was used 
with LabView SignalExpress to record the force and displacement output voltage signals.  
These signals were then converted to scientific units using MatLab.  The first set of tests 




elongation strain vs. stress. The next set of tests where stopped intermittently and a 
micrometer was used to measure the dimensions of the width (w) and thickness (t). These 
measurements were then used to calculate the width strain (εw) and the thickness strain 




)      (3.2) 
𝜺𝒕 = 𝒍𝒏 (
𝒕
𝒕𝒐
)       (3.3) 
These values were then used to calculate the strain elongation (Equation 3.4). The 
true stress (Equation 3.5) was finally calculated using the measured 𝑤, 𝑡, and the force 
(𝐹) during each intermission. 




      (3.5) 
3.7 X-ray Diffraction Analysis 
In-situ X-ray diffraction from a synchrotron source was conducted on DP980.  A 
sample was prepared by cutting a 1 mm square from an unheated test strip. The sample 
was heated and cooled at a controlled rate by a furnace with water cooling. The furnace 
was installed in the beam line a distance of 1600cm from the digital detector and a beam 
size of 0.10804Å was used. The heating rate was 50 ºC/min, and cooling rate was 60 
ºC/min. During testing the diffracted angles and intensities were recorded in a Tiff image 
file, at a frequency of 10 Hz. Three trials of DP980 were conducted each with the same 





Fig 15. Example Bragg's Diffraction Ring 
 The raw diffraction data of the three trials was converted to Braggs diffraction rings 
(figure 15) images using FIT2D analysis software.  A calibrated sample was measured 
and used to calibrate the software.  The diffraction rings were then integrated to produce 
the 2𝜃 vs. intensity graph. The series of graphs where combined into a movie and used to 
identify key events. Once important frames were identified Match! 2 software package was 
used to identify the phases of the experimental, data with the known diffraction patterns 






CHAPTER 4: RESULTS AND DISCUSSION 
4.1 Microhardness Results 
The results of the hardness test (Figure 16) were first used to identify if any change 
had occurred.  Below 800ºC there is little change in hardness within the error range, this 
steel is also known to bake harden below 400ºC.  The slow cooling rate produced a lower 
hardness, this is attributed to less retained austenite.  
 
Fig 16. Hardness Test Results for Slow and Fast Cooling Rates 
4.2 Tensile Test Results 
The results of the initial tensile test are displayed in figures 17 and 18. These graphs 
show a significant increase in the elongation above the original sample with no heating. 
The result however vary on which heating profile shows the highest increase in elongation 
with the best result in the range of 800 - 900ºC. The tests at 1000ºC show the greatest 





























Fig 17. Elongation vs. True Strain for Slow Cooling 
 
Fig 18. Elongation vs. True Strain for Fast Cooling 
 Figure 19 compares the results of the UTS against various max temperatures and 
cooling rates. It shows there is a general decrease in the UTS for all trials, the greater the 
temperature the greater the reduction in UTS.   The test strips that were fast cooled show 
a general trend towards lower UTS. The low UTS was with in the acceptable range and 
means an increase in formability. 
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Fig 19. UTS Vs. Maximum Temperature 
 The elongation versus the maximum temperature is shown in figure 20. Fast 
cooled test strip shows a higher amount of elongation than trails at a similar temperature. 
This result helps confirm the assumption of more retained austenite from fast cooling from 
the hardness test. Austenite is both a harder material than ferrite and transforms to 
martensite during plastic strain, increasing overall formability. All tests showed improved 
elongation over the as received test. 
UTS vs. Tmax 

































Fig 20. Elongation vs. T Max  
It is interesting to see the evolution of R value during tensile deformation, where R 
is the ratio of the thickness strain to the width strain, t/w. The results of measurements 
for the R value are shown in Figure 21. At lower longitudinal strain the R value is at the 
magnitude of 1, similar to common R value range that does not have strong texture.  
However, past a strain of 0.1 the R value decreases. The greater the maximum 
temperature the greater the increase in longitudinal strain, while the R value reaches the 
minimum value that can be as low as 0.4, probably related to the second principal stress 
development in the width direction from the current specimen geometry with two arced 
sides, which promoted the width deformation and reduced the thickness deformation, and 
this stress-state effect initiated from the two width edge, and with the increase in the 
longitudinal strain this effect gradually penetrated into the entire width.  











Reference without heating 











Fig 21. Elongation vs. R Value 
4.3 Microstructure 
 Images of the microstructure were taken on each of the heated sample (Figures 
21, 22, 23, 24). The larger martensite clusters have been dissolved via heating. The 
different cooling rates show vastly different microstructures. The coupons that were cooled 
quickly have finer grain structure and show more ferrite than their slow cooled counterpart. 
Samples heated to 800ºC have a finer structure than samples heated to 1000ºC.  A finer 
grain structure is associated with increase in hardness, yield strength, tensile strength, 
fatigue strength and impact strength.  The gain size is so fine it is difficult to separate ferrite 































Fig 22. Microstructure No Heating 
   
Fig 23. Microstructure 800 C Slow & Fast Cooling 
  
Fig 24. Microstructure 900 C Slow & Fast Cooling 
As-received (no heating) 





Fig 25. Microstructure 1000 C Slow & Fast Cooling 
4.4 X-ray Diffraction Results 
The as received DP980 diffraction pattern is shown in figure 26. The first peak is 
the [101] plane normal of ferrite steel, this is followed by the [200], [211], and [202].  
However, part of the peak is integrated with a martensite peak, this is because the 
geometry and size of ferrite and martensite are similar. Figure 27 shows the diffraction 
pattern during heating, which shows the disappearance of the [101] ferrite peak and the 
appearance of the [111] austenite peak.  The phase change was tracked by a video to 
identify at which temperature the change began, at what rate did the change occur, and 





Fig 26. Integrated 2 Theta vs Intensity Graph 
 




The results of the final phase fractions are shown in table 4. With a 60oC/s cooling 
rate there is about 10% retained austenite, compared to the initial concentration of 0%.  
This increase helps account for increase in formability seen in the tensile test results. 
Table 4. Final Phase Volume of In-Situ Trials 
Hold time (s) Ferrite % Austenite% 
600 89.3 10.7 
100 87.2 12.8 
50 92.7 7.3 
  
The purpose of the in-situ testing is to identify the exact reheating parameters that 
can be applied for industrial applications. Figure 28 shows a comparison of different trials 
with same parameters except different hold times.  It can be clearly seen that in heating a 
complete phase transformation does not always occur at the same temperature.  The first 
column shows a trial held for 50 seconds at the highest temperature, the transformation 
of ferrite to austenite began at around 800ºC and was complete by the time the sample 
reached 950ºC.  The second column shows a trial with a hold time of 100 seconds, this 
time transformation from ferrite to austenite began late and did not complete at 950ºC.  A 
third trial with a hold time of 600 seconds showed nearly identical results to the 50 second 
trial.  One possible explanation for this occurrence is the metal was not completely mixed. 
After cooling the final phase volume of each sample seems similar for these two samples 
with different holding time at the maximum temperature, with the peak of retained 
austenite clearly seen. The minor difference in phase fraction and the produced 
microstructure (e.g. grain size) associated with the holding time may have significant effect 
on the mechanical properties. More specifically, the retained austenite phase can 
contribute to the enhanced formability through a strain-induced austenite to martensite 




chemistry and their microstructures only differ by heat treatment, and TRIP steel has a 
higher formability than DP of similar strengths.   
 
Fig 28. Comparison of 2 Theta Graphs for Same Heating and Cooling Rate with Different 
Hold Time 
Speed of manufacturing is a main concern for the automotive production. 
Therefore, it is necessary to heat the metal as fast as possible to ensure a complete phase 
change, this will allow the time to be used for the final phase fraction volume to be 
controlled by the cooling rate.  It is also shown that air cooling is about the correct rate to 





CHAPTER 5: CONCLUSION 
 This experiment demonstrates it is possible to increase the formability of DP steel. 
The increase in formability is attributed to a finer grain structure and increase in retained 
austenite.  
 It was found peak heating temperature and cooling rate are the two most important 
parameters.  The results were first verified using hardness tests, which showed a 
reduction in hardness above 800ºC, with the fast cooled trial being harder.  Within the 
range of 800 -1000ºC, and with a cooling rate of 2-20ºC results showed reduced strength 
and increased fracture strain relative to the as-received DP980. The ideal result for 
manufacturability is dependent on the application of the sheet steel.  The new local tensile 
property evaluation technique was developed (with arced test strip).  Microstructure 
observation indicates that; cooling rate affects reduction of martensite volume, which 
affect both strength and formability.  In-situ x-ray diffraction was used to identify key 
temperatures when transformation occurs and final phase volume in real time.  X-ray 
diffraction conformed an austenite initiation temperature around 850ºC and a rapid full 
transformation to full austenite by 950ºC.  The in-situ also showed full transformation did 
not always occur, although the end product was similar when compared to a trail with full 
transformation.  This observation would not have been possible without the observations 





CHAPTER 6: FUTURE WORK 
Further x-ray diffraction testing should be done with varying cooling rates. By 
testing cooling rates between 2 – 100ºC/s. A function can be developed between cooling 
rate and retained austenite. Next the gauge area of water jet cut tensile strip should be 
heat treated with the same cooling rates as the x-ray tests.  Finally, tensile tests should 
be performed on the treated strips, to develop a function that can be used to predict 
material strength from cooling rate.    
Micro hardness test and optical microscopy tests should be performed on the next 
test samples.  The results should be compared to the previous trials.  Scanning electron 
microscopy (SEM) can finally be used to verify the final phase fractions determined by the 
x-ray diffraction.  It should be noted that studies have shown inconstancy between volume 
fraction determined by different methods, these studies have shown neutron and x-ray 





APPENDIX - ELONGATION TABLE 
Table 5. Elongation Data 
Coupon Highest Temp. Cooling Tate Elongation 
1 800 Fast 0.2341 
2 800 Fast 0.1588 
3 800 Slow 0.1866 
4 800 Slow 0.1988 
5 850 Fast 0.2098 
6 850 Fast 0.1854 
7 850 Slow 0.1750 
8 850 Slow 0.1840 
9 900 Fast 0.2423 
10 900 Fast 0.1641 
11 900 Slow 0.1925 
12 900 Slow 0.1833 
13 950 Fast  
14 950 Fast 0.2146 
15 950 Slow  
16 950 Slow  
17 1000 Fast 0.2314 
18 1000 Fast 0.1853 
19 1000 Slow 0.1856 
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This study was to determine the important parameters regarding induction local 
softening of dual phase steel with improved manufacturability for autobody stamping.  
Samples were inductively heat-treated, and then tested using micro hardness test, tensile 
test, microstructure analysis, and x-ray diffraction analysis.  It was found that above 800oC 
there was a significant reduction in hardness.  The cooling rate was found to be the most 
important parameter affecting the final properties of the steel.  The tensile test showed a 
significant increase in total elongation with a small reduction in ultimate tensile strength.  
These factors led to the ultimate increase in formability.  X-ray diffraction was used to 
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